Abstract: Toxicity due to 2-and 13-wk Inhalation E x p o s u r e s o f R a t s a n d M i c e t o N , NDimethylformamide: Hideki SENOH, et al. Japan Bioassay Research Center, Japan Industrial Safety and Health Association-In order to better characterize the toxicity of N,N-dimethylformamide (DMF) and to provide its basic toxicity data for risk assessment of workers exposed to DMF, F344 rats and BDF 1 mice of both sexes were exposed by inhalation (6 h/d × 5 d/wk) to 100, 200, 400, 800 or 1,600 ppm DMF for 2 wk, and 50, 100, 200, 400 or 800 ppm DMF for 13 wk. Three male and 7 female rats died during the 2-wk exposure to 1,600 ppm DMF, but no death of the exposed rats or mice occurred under any other exposure conditions. Massive, focal and single cell necroses were observed in the liver of DMF-exposed rats and mice. The massive necrosis associated with the centrilobular fibrosis occurred at the highest exposure concentration. The single cell necrosis was associated with fragmentation of the nucleoli as well as an increased mitotic figure. The 13-wk exposures of rats and mice to DMF were characterized by increases in the relative liver weight and the incidence of the centrilobular hepatocellular hypertrophy as well as increased serum levels of AST, ALT, LDH, total cholesterol and phospholipid. Lower confidence limits of the benchmark dose yielding the response with a 10% extra risk (BMDL 10 ) were determined for the relative liver weight and the incidence of hepatocellular hypertrophy of the 13-wk exposed animals. The BMDL 10 resulted in 1 ppm for the increased relative liver weight of male rats and mice and 17 ppm for the hepatocellular hypertrophy of male mice. (J Occup Health 2003; 45: 365-375) 
N, N-dimethylformamide (DMF) has been widely used as an organic solvent for synthetic textiles and leathers, polymers such as polyurethane and polyacrylonitrile, and an intermediate in chemical manufacturing and the pharmaceutical industries 1) . DMF is of high production volume, because annual production of DMF in Japan was reported to amount to 50,000 tons in 2001 2) . This compound poses a potential hazard to the health of workers exposed to DMF. Medical case reports and epidemiological studies on the health of DMF-exposed workers revealed that the liver was primarily damaged together with various complaints, alcohol intolerance and the release of liver cytolytic enzymes into the plasma 1, [3] [4] [5] [6] [7] [8] [9] . Experimental toxicology of DMF demonstrated that the primary liver lesion was characterized by necrosis, degeneration, hepatocellular hypertrophy, mitotic figures and altered serum activities of liver enzymes [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Inhalation and dermal exposures to DMF are principal routes for workers, because DMF is very volatile and permeable through the skin 7, 9, 21, 22) . An occupational exposure limit (OEL) of 10 ppm for DMF has been recommended by the American Conference of Governmental Industrial Hygienists (ACGIH) 23, 24) , the Japan Society for Occupational Health (JSOH) 25, 26) and Deutsche Forschungsgemeinschaft 27) . The OEL value for DMF was derived from both epidemiological studies of exposed workers and bioassay studies of DMF-exposed animals and their liver functions and histopathology 24, 26, 27) . The present study was intended to better characterize the toxicity of DMF for health risk assessment of workers exposed to DMF and to provide its basic toxicity data such as the lower confidence limit of the benchmark dose yielding a response with a 10% extra risk (BMDL 10 ). The BMDL 10 approach takes several advantages over the traditional approach of No-Observed-Adverse-EffectLevel (NOAEL)/No-Observed-Effect-Level (NOEL), because the BMDL 10 uses all sets of the experimental data to delineate a dose-response relationship 28, 29) . We conducted a series of experiments on inhalation exposures of rats and mice of both sexes to DMF vapor for 2 and 13 wk under well-controlled conditions of exposure and animal care with reference to the Organization for Economic Cooperation and Development's (OECD's) Good Laboratory Practice (GLP) 30) .
Materials and Methods
Chemical DMF of reagent grade (greater than 99.8% pure) was obtained from Wako Pure Chemical Industries, Ltd (Osaka, Japan). Each lot of DMF used in the present study was analyzed for its stability and purity by gas chromatography and infrared spectrometry at termination of its use. Neither a decomposition product nor an impurity was observed in the present study.
Animals
F344/DuCrj rats and Crj:BDF 1 mice of both sexes were obtained at the age of 4 wk from Charles River Japan, Inc (Kanagawa, Japan). The animals were quarantined and acclimated for 2 wk before the start of experiment. The animals were housed individually in stainless-steel wire hanging cages which were placed in stainless steel inhalation exposure chambers. Environment in the chamber was maintained constant at a temperature of 21.0-23.6°C and a relative humidity of 42.0-59.3% with 12 air changes/h. The exposure chambers were installed in a barrier system animal room. Fluorescent lighting was controlled automatically to give a 12-h light/dark cycle. All rats and mice were given sterilized commercial pellet diet (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan) and sterilized water ad libitum.
Experimental design
The present experiment consisted of two acute and subchronic toxicity studies with reference to the OECD Guidelines for Testing of Chemicals 412 and 413 31) . In the acute 2-wk exposure study, groups of 10 rats and 10 mice of both sexes were exposed to air containing DMF vapor, and the highest exposure concentration of 1,600 ppm based on the reported lethal concentration 13, 14) was selected to examine severely acute effects. Therefore, the target concentrations selected for the 2-wk exposure study were 100, 200, 400, 800 or 1,600 ppm for 6 h/d × 5 d/wk. For the subchronic 13-wk exposure study, the highest exposure concentration was reduced to 800 ppm, because the 13-wk exposure to 800 ppm was considered to cause no death during the study period. Therefore, groups of 10 rats and 10 mice of both sexes were exposed to 50, 100, 200, 400 or 800 ppm DMF vapor for 6 h/d × 5 d/wk. Groups of 10 rats and 10 mice of both sexes were exposed to clean air for 2 or 13 wk under the same conditions, and served as the control.
Exposure to DMF
In the 2-wk exposure study, a DMF vapor-air mixture was generated by spraying liquid DMF into the air space of the solvent reservoir, further diluting the vapor with clean air, and supplied to the inhalation exposure chambers. In the 13-wk exposure study, the vapor-air mixture was generated by bubbling clean air through the DMF liquid in the solvent reservoir, further diluting the vapor-air mixture with clean air, and supplied to the inhalation exposure chamber. Air concentrations of DMF vapor in the exposure chambers were maintained constant throughout the 6-hr exposure period with satisfactory accuracy and precision (Table 1) . Deviations of the mean observed concentrations from the target concentrations were less than 3.5%, and fluctuations of the observed concentrations were less than 3.2% in the coefficient of variation.
Clinical observations and analysis, and pathological examinations
The animals were observed daily for their clinical signs and mortality. Their body weight and food consumption were measured weekly throughout the study period. Animals dead or surviving to the end of the 2-or 13-wk exposure period received complete necropsy. In the 2-wk exposure study, 2 to 3 animals were examined for histopathology, and 5 surviving animals were examined for organ weight. In the 13-wk exposure study, urinary, hematological and blood biochemical parameters of all surviving animals were measured in urine samples taken at the end of exposure and in blood samples taken under etherization after overnight fasting at the end of the study period, respectively. All organs of the animals were removed and weighed at necropsy, and examined for macroscopically visible lesions and histopathology.
The tissues for microscopic examination were fixed 
Statistical analysis
The BMDL 10 was calculated for the present datasets of the relative liver weights and the incidences of histopathological lesions of rats and mice exposed to clean air and DMF at 5 different concentrations. We used a software program of the BMDS Version 1.3.1 downloaded from the US.EPA's NCEA Web site 29) . Gamma, quantal quadratic, Weibull, linear (log), and polynomial models were selected, based on the goodness-of-fit p-value greater than 0.1, the Akaike's Information Criterion (AIC) value lower than any other models and visual inspection of the model fitting the dose-response curve.
Body weight, organ weight, and hematological and blood biochemical parameters were analyzed by the same statistical methods as described previously 32) . The Bartlett's test was used to test whether the variance was homogeneous or not. When the variance was homogeneous, one-way ANOVA was applied. When the variance was not homogeneous, the Kruskal-Wallis rank sum test was performed by arranging all data for the control and exposed groups in descending order. Statistical differences in the means and the rank means among the groups were analyzed by Dunnett's multiple comparison test and the same multiple comparison test by rank, respectively. Two-sided analysis with a P-value of 0.05 was performed. Pathological examinations and urinary parameters were analyzed by chi-square test with a p-value of 0.05.
A NOEL was defined as an exposure concentration above which any statistically significant response or incidence was observed.
Results

Mortality and clinical signs
Three male rats (one after the 4th day and two after the 5th day of exposure) and 7 female rats (three after the 3rd day, three after the 4th day and one after the 10th day of exposure) died during a period of 2-wk exposure to 1,600 ppm DMF. DMF-induced death of the male and female rats was caused by marked centrilobular necrosis of the liver ( Fig. 1 ) associated with hemorrhage and congestion. Neither the 2-wk exposure of rats to the concentrations lower than 1,600 ppm nor the 13-wk exposure to all the concentrations caused any death or overt clinical signs. No mouse died during either a period of 2-wk or 13-wk exposure to DMF at any of the concentrations.
Toxicity of animals surviving to the end of 2-wk exposure
Rats: A significant decrease in the growth rate was observed in the males exposed to 800 ppm and above and in the females exposed to 400 ppm and above. Relative liver weight significantly increased in the male and female rats exposed to 1,600 ppm. In the histopathological examination, the massive necrosis ( Fig.  2 ) extending over more than two lobules and centrilobular fibrosis associated with calcification in the limited area were observed in the male and female rats exposed to 1,600 ppm. The centrilobular single cell necrosis of the hepatocytes associated with fragmentation of the nucleoli was also seen in the 800 ppm-exposed rats of both sexes. No histopathological change occurred in the rats of either sex exposed to 400 ppm and below.
Mice: Growth rates of male and female mice exposed to 1,600 ppm were significantly suppressed as compared to the controls. Relative liver weight significantly increased in the males exposed to 400 ppm and above, and in the females exposed to 200 ppm and above. In the histopathological examination, the focal necrosis was structured with small clusters of necrotic hepatocytes and infiltrated with inflammatory cells, which was observed in the 1,600 ppm-exposed mice of both sexes. The centrilobular single cell necrosis associated with the fragmented nucleoli ( Fig. 3) was noted in the males and females exposed to 1,600 ppm. The centrilobular degeneration ( Fig.3 ) was also found in the males exposed to 200 ppm and above and the females exposed to 800 ppm and above. The cytoplasm of the affected hepatocytes was characterized by glycogen-depletion and increased basophilia. Table 2 shows body weight, food consumption and absolute and relative liver weight of the rats and mice Rats: One case of massive necrosis was observed in a female rat exposed to 800 ppm. Single cell necrosis (Fig.  4) was observed in the males and females exposed to 200 ppm and above, and occasionally associated with ceroid and hemosiderin deposit. Fragmentation of the nucleoli and an increase in the mitotic figure were also seen in Fig. 4 . Centrilobular hepatocellular hypertrophy (Figs. 5 and 6) was noted, and its incidence was significantly increased in the males and females exposed to 400 ppm and above. Neither focal necrosis nor centrilobular necrosis was observed in any DMF-exposed rat. The relative liver weight increased dose-dependently in the male rats exposed to 100 ppm and above and in the female rats exposed to 200 ppm and above ( Table 2) . The absolute liver weights of the male and female rats exposed to DMF tended to increase but did not follow a clear dose-response curve (Table 2) .
Toxicity of animals surviving to the end of 13-wk exposure General observations
Mice: Three cases of massive necrosis in the males exposed to 800 ppm were noted. Focal necrosis was noted in the males exposed to 100 ppm and above and the females exposed to 50 ppm and above, and associated with ceroid and hemosiderin. The incidence of focal necrosis significantly increased in the females exposed to 100, 200 and 400 ppm. Single cell necrosis significantly increased in the males and females exposed to 800 ppm. Fragmented nucleoli were seen in the single cell necrosis. Centrilobular hepatocellular hypertrophy (Figs. 7 and 8 ) was observed. The affected hepatocytes were characterized by enlargement of both the cytoplasm and nucleus, and associated with an increase in the mitotic figure. The nuclear enlargement of the hypertrophic hepatocytes was more pronounced in mice than that in rats. A significant increase in the incidence of hepatocellular hypertrophy occurred in the males exposed exposed to DMF for 13 wk. No overt clinical sign was observed in any of the DMF-exposed groups of rats and mice. Rats: Growth rates were significantly suppressed in the 400 and 800 ppm groups of both sexes. Food consumption was significantly reduced in the 800 ppm groups in both sexes.
Mice: Growth rates were significantly suppressed in all the DMF-exposed male groups, whereas the body weight of all the DMF-exposed female groups did not change compared to the control group. Food consumption was significantly reduced in the 800 ppm male group, but not in the 800 ppm female group. Table 3 shows the incidence of liver lesions in the rats to 50 ppm and above and in the females exposed only to 800 ppm. A dose-dependent increase in the relative liver weight was observed in the male mice exposed to 50 ppm and above, whereas the absolute liver weights of the male and female mice exposed to DMF tended to increase but did not follow a clear dose-response curve (Table 2) . Table 4 shows blood biochemical parameters of rats and mice exposed to DMF for 13 wk.
Pathological changes
Biochemical parameters
Rats: Alanine aminotransferase (ALT) was significantly increased in the males exposed to 800 ppm and in the females exposed to 400 ppm and above. Aspartate aminotransferase (AST) tended to be increased in the males and females exposed to 800 ppm. Lactate dehydrogenase (LDH) significantly increased in the females exposed to 800 ppm, and tended to increase in the males exposed to 800 ppm. γ-Glutamyl transpeptidase (γ-GTP) was significantly increased only in the females exposed to 400 ppm and above. Significantly increased levels of total cholesterol and phospholipids were observed in the males exposed to 50 ppm and above, whereas the exposed females exhibited significantly increased levels of phospholipids at 100 ppm and above and total cholesterol at 200 ppm and above. Triglyceride was increased in the females exposed to 200 ppm and above, whereas its level was significantly decreased in the 800 ppm-exposed males. Total bilirubin was significantly increased in the males exposed to 800 ppm and in the females exposed to 400 ppm and above. Alkaline phosphatase (ALP) levels were altered but judged not to be affected by DMF exposure.
Mice: ALT was significantly increased in the males exposed to 800 ppm and the females exposed to 200 ppm and above. AST tended to increase in the males and females exposed to 800 ppm. LDH was significantly increased in the females exposed to 800 ppm, and tended to increase in the males exposed to 800 ppm. Total cholesterol was significantly increased in the females exposed to 50 ppm and above, and the males exposed to 100 and 400 ppm. Blood urea nitrogen (BUN) was significantly increased only in the females exposed to 800 ppm. ALP levels were altered but judged not to be affected by DMF exposure.
Hematological and urinary parameters
Although the data of 13-wk exposures are not shown here, the number of platelets significantly increased in the male rats and mice exposed to 50 ppm and 100 ppm, respectively. Erythrocyte counts, MCV and MCH significantly increased in the DMF-exposed rats and mice of both sexes. Other hematological parameters and all urinary parameters were judged not to be affected by DMF exposure.
BMDL 10
As shown in Table 5 , all the BMDL 10 values for the single cell necrosis and the hepatocellular hypertrophy of rats and mice were found to be comparable with the corresponding NOELs. The difference between the BMDL 10 and NOEL value was less than 3-fold. The relative liver weight was used in the present study instead of the absolute value, because a dose-response curve for the absolute liver weight declined downward at both 400 and 800 ppm as shown in Table 2 . Besides, liver weight was reported to be best expressed for hepatic toxicity in relation to the body weight 33) . The BMD approach was successfully applied to the relative liver weight of male and female rats and male mice, but the BMDL 10 values for the rat liver weight were 8 to 50-fold lower than the corresponding NOELs. Such a large difference is due to both the use of all ranges of datasets for the BMDL 10 calculations and statistical dependence of the number of animals used upon a statistically significant level for the NOEL. The NOEL for the relative liver weight could not be determined for male and female mice, because the liver weight of male mice significantly increased at the lowest exposure level and because none of the liver weight data of female mice were statistically significant throughout the range of exposure concentrations.
Disucussion
It was found in the present study that inhalation exposures of rats and mice of both sexes to DMF vapor for 2 and 13 wk induce adverse effects on the liver, but no other organs are affected histopathologically.
In the acute phase of DMF toxicity resulting from the 2-wk exposure, rats appear to be more susceptible to DMF than mice, because several male and female rats only died of marked centrilobular necrosis during a period of 2-wk exposure to 1,600 ppm DMF. Furthermore, the liver necroses were more pronounced in the rats surviving to the end of 2-wk exposure to 1,600 ppm than in the mice exposed to the same level of DMF for 2 wk, because the massive necrosis associated with the fibrosis was seen only in those rats whereas the mice exhibited only the focal and single cell necroses as well as the degeneration indicative of the existence of the recuperative capacity of hepatocytes. The massive necrosis found in the present study is similar to that reported to extend over several lobules and to be accompanied by massive fibrosis in the rats orally administered DMF 15) and the reported coagulative necrosis which was produced by administrations of DMF to the acetone-pretreated, P450-induced rat and N-methylformamide (NMF) to the naïve rat 34) . NMF is a potent hepatotoxicant and intermediate metabolite of DMF. The three types of liver necroses, massive, focal and single cell, are in good agreement with the histopathology of DMF-exposed rodents reported so far 10, 13, [15] [16] [17] . Consistent with the reported finding 15) of a clear demarcation between the surviving and necrotic areas of the liver in the F344 rat orally administered DMF, we confirmed clear demarcation between the surviving area of hepatocytes and the massive necrotic area (Fig. 2) . This can be taken to indicate the possibility of ischemic damage to hepatocytes due to occluded circulation in the hepatic vascular system 33) , which may have exacerbated the acute DMF hepatotoxicity at the high exposure levels for 2 and 13 wk. On the other hand, the degeneration Table 3 . Incidences of liver lesions in the rats and mice exposed to DMF vapor by inhalation for 13 wk around the central vein (Fig. 3) , less clearly but discernibly demarcated from the surviving area of hepatocytes, was thought to be caused by a direct toxic action of DMF and/or its active metabolites. In the subchronic DMF hepatotoxicity resulting from the 13-wk exposure, mice appear to be more sensitive and responsive to DMF than rats, because the focal necrosis, the hepatocellular hypertrophy and the increased relative liver weight of the exposed mice appeared at lower exposure levels than did those of the exposed rats. Besides, the massive necrosis was more frequent and more pronounced in male mice than in male rats. It is suggested that the DMF-induced necrotic damage to the hepatocytes as evidenced by the increased incidences of the single cell necrosis and focal necrosis in the 13-wk exposure study is causally related to the release of cytolytic enzymes such as AST, ALT and LDH into the serum. The present findings confirm the previously reported results 10, 13, 15, 16, 19, 20) indicating that AST and ALT were increased by exposures of rats to DMF. Furthermore, it has been widely recognized that serum levels of AST and ALT are increased among factory workers exposed to DMF [3] [4] [5] [6] [7] [8] [9] . Redlich et al. 5, 6) demonstrated that workers exposed to DMF exhibit increased levels of AST and ALT as well as focal hepatocellular necrosis, fatty degeneration with binucleated hepatocytes and variations in nuclear size and staining characteristics in the biopsied liver of the workers. The histopathological and biochemical findings by Redlich et al. 5, 6) agree well with those observed in the present rodent study. The single cell necrosis of the hepatocytes was more pronounced in the rats exposed to DMF for 13 wk than in the corresponding mice. The single cell necrosis characterized by the presence of fragmented nucleoli in the hepatocytes is consistent with the photograph presented as Fig.2 by Lynch et al. 16) . The single cell necrosis of the hepatocytes with fragmentation of nucleoli was not seen in either massive necrosis or focal necrosis which was induced by the exposure to high levels of DMF.
The centrilobular hypertrophy characterized by enlargement of both the cytoplasm and nucleus in the affected hepatocytes is in good agreement with the histopathological findings reported so far 13, 14, 16, 17) . It was noteworthy that the increased mitotic figures indicative of enhanced cell proliferation were occasionally seen in the hypertrophic hepatocytes. The hepatocellular hypertrophy of the exposed mice appeared more frequently and at lower exposure levels than did that of the exposed rats. Furthermore, the nuclear enlargement of the hypertrophic hepatocytes was more pronounced in mice than in rats. A clear gender difference was observed in the incidence of hepatocellular hypertrophy between the exposed male and female mice. Lynch et al. 16) reported that the significantly increased incidence of hepatocellular hypertrophy was observed in the female mice exposed to 100 ppm and above. On the other hand, in the present study, the significantly increased incidence of hepatocellular hypertrophy was observed only in the 800 ppm-exposed female mice. A strain difference between B6C3F 1 mice used by Linch et al. and BDF 1 mice used in the present study might be involved in the difference in the susceptibility to hepatocellular hypertrophy. It was found in the present study that the increased incidences of the hepatocellular hypertrophy were in close association with the increased relative liver weights of rats of both sexes. Taking it into consideration that the hepatocellular hypertrophy and the increased liver weight were accompanied by induction of P450 enzymes 33) , and that repeated oral administrations of DMF to rats induced CYP2E1 and CYP2B1/2 20) , and that repeated inhalation exposures of rats and mice to DMF enhanced metabolic conversion of DMF to NMF 35) , it is likely that the 13-wk exposure to DMF leading to induction of P450 brings about an enhanced metabolic conversion of DMF to more toxic intermediate metabolites.
The present finding that total cholesterol and phospholipid significantly increased in the rats exposed to 50 ppm and above, and total cholesterol significantly increased in the mice exposed to 100 ppm and above is in good agreement with the widely recognized results 13, 15, 16, 18) that the serum level of total cholesterol was increased by inhalation exposure of rats to DMF. Mechanisms underlying the altered lipid metabolism in the DMFexposed rats and mice are so complex to be elucidated that the toxicological significance of the increased total cholesterol and its relevance to worker's health remain unclear.
As to occupational risk assessment for DMF, the relative liver weight and the hepatocellular hypertrophy are thought to be most sensitive, biologically significant and relevant to worker's health. For the increased relative liver weight, the BMDL 10 value resulted in 1.1 and 13.1 ppm for male and female rats, and 1.1 ppm for male mice, respectively. Nevertheless, the BMDL 10 value for the relative liver weight of female mice was not determined because of insignificant changes in the relative liver weight throughout the range of exposure concentrations. For the hepatocellular hypertrophy, the BMDL 10 value resulted in 68.5 and 191 ppm for male and female rats, and 17.5 and 372.5 ppm for male and female mice, respectively. These BMDL 10 values for hepatocellular hypertrophy are consistent with the finding by Lynch et al. 16) that the NOAEL of hepatocellular hypertrophy were 50 and 200 ppm for female mice and rats of both sexes, respectively.
